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ABSTRACT 
The behavior of natural microporous cavansite and pentagonite, orthorhombic dimorphs 
of Ca(VO)(Si4O10)•4H2O, was studied at high pressure by means of in situ synchrotron X-ray 
powder diffraction with a diamond anvil cell using two different pressure-transmitting fluids: 
methanol:ethanol:water = 16:3:1 (m.e.w.) and silicone oil (s.o.). In situ diffraction-data on a 
cavansite sample were collected up to 8.17(5) GPa in m.e.w, and up to 7.28(5) GPa in s.o. 
The high-pressure structure evolution was studied on the basis of structural refinements at 
1.08(5), 3.27(5) and 6.45(5) GPa. The compressional behavior is strongly anisotropic. When 
the sample is compressed in s.o. from Pamb to 7.28(5) GPa, the volume contraction is 12.2%, 
whereas a, b and c decrease by 1.6, 10.3 and 0.3%, respectively. The main deformation 
mechanisms at high-pressure are basically driven by variation of the T-O-T angles. 
Powder diffraction data on a pentagonite sample were collected up to 8.26(5) GPa in 
m.e.w and 8.35(5) GPa in s.o. Additional single-crystal X-ray diffraction experiments were 
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performed in m.e.w. up to 2.04(5) GPa. In both cases, pressure-induced over-hydration was 
observed in m.e.w. at high pressure. The penetration of a new H2O molecule leads to a 
stiffening effect of the whole structure. Moreover, between 2.45(5) and 2.96(5) GPa in 
m.e.w., a phase transition from an orthorhombic to a triclinic phase was observed. In s.o. 
pentagonite also transformed to a triclinic phase above 1.71(5) GPa. The overall 
compressibility of pentagonite and cavansite in s.o. is comparable, with a volume contraction 
of 11.6% and 12.2%, respectively. 
 
KEYWORDS: microporous materials, heteropolyhedral frameworks, cavansite, pentagonite, 
elastic behavior, pressure-induced hydration. 
 
INTRODUCTION 
 
Microporous heteropolyhedral frameworks [1] have recently attracted technological 
attention leading to a shift of interest from zeolites sensu stricto (tetrahedral frameworks with 
cation-exchange capacity and reversible dehydration) to zeolite-like structures (open-
framework materials with ion-exchange capacity). Natural microporous cavansite and 
pentagonite, dimorphs of Ca(VO)(Si4O10)ꞏ4H2O, have sparked our interest due to the 
technological potential of their porous framework made up by vanadyl-type pyramids 
connecting silicate tetrahedral sheets. In the last years, many studies addressing hydrothermal 
preparation procedures of new synthetic microporous vanadosilicates [2-4] aimed to optimize 
synthesis in order to obtain large quantities [5-6]. Such frameworks can fulfill many 
properties comparable to traditional zeolite structures such as microporosity, ion exchange 
and sorption applications. Moreover, the presence of transition metal ions in the framework 
makes these materials potentially usable for catalysis. Vanadium can adopt several oxidation 
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states and vanadium silicates appear to be more stable than the corresponding phosphates [4]. 
In this light, the investigation of the thermo-elastic stability of vanadosilicates is crucial to 
evaluate their functionality for technical applications. 
Non-ambient conditions can induce important structural changes in microporous 
materials, modifying physico-chemical properties and affecting their possible applications. 
Because of their applicative relevance, the thermal and baric stability of zeolites have been 
investigated extensively. Framework topology and extraframework content are crucial factors 
influencing structure deformation mechanisms not only upon thermal treatment but also under 
high-pressure conditions. Microporosity does not necessary connote high compressibility, as 
several zeolites are less compressible than other rock-forming minerals (for example α-quartz, 
[7]). Deformation mechanisms are governed by the topological configuration of the 
framework while the extraframework content influences the compressibility. The mechanism 
leading to topological changes in aluminosilicate frameworks can be described as tilting of 
rigid tetrahedra around O atoms [8-9]. Of particular interest, the high-pressure behavior of 
microporous materials can be affected by the nature of the pressure-transmitting medium used 
for the experiment. Using pore-penetrating pressure-transmitting media, it is possible to 
investigate pressure-induced over-hydration (PIH) effects. In contrast, non-penetrating media 
are used to study compressibility, P-induced phase transitions, and amorphization. The most 
commonly used fluids for microporous materials are: methanol:ethanol (4:1) and 
methanol:ethanol:water (16:3:1) mix, glycerol and silicone oil. These pressure-trasmitting 
media have different freezing points and hydrostaticity as a function of pressure [10-11]. 
Our interest on the behavior of microporous materials with non-tetrahedral polyhedra at 
high pressure started after observing that the presence of octahedral Al in the framework of 
ALPO-34 leads to a stiffening of the framework upon compression if compared to SAPO-34 
with tetrahedral Al [12]. Thus, the effect of the unusual presence of vanadyl-type square 
based pyramids on framework distortion and compressibility is of remarkable interest. In this 
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light, our study represents the first investigation on high pressure behavior of 
heteropolyhedral vanadosilicate frameworks. 
Cavansite, and its dimorph pentagonite, Ca(VO)(Si4O10)ꞏ4H2O, are the only known 
natural examples of microporous vanadosilicates. These minerals have been selected as 
representative of vanadosilicate frameworks for high-pressure study because of their large 
crystal size (mm range) and high crystal quality. The porous three-dimensional framework is 
built by tetrahedral sheets connected through VO5 square based pyramids. The VO5 pyramids 
are characterized by a short apical V-O bond of ca. 1.6 Å and four basal bonds of ca. 2.0 Å 
[13]. Pentagonite and cavansite are orthorhombic and characterized by undulating 
pyroxenoid-like (SiO3)n chains. These chains are laterally joined into sheets parallel to the a-c 
plane but they are made up to arrange a different network of rings in the two structures. In 
cavansite, the tetrahedral sheets consist of four-fold and eight-fold rings, whereas in 
pentagonite there are only six-membered rings [13]. Moreover, in both dimorphic structures, 
adjacent chains have the tetrahedral apices pointing up and down along the b axis. Large 
cavities in the structure are decorated by Ca and H2O molecules as extraframework 
components. The cavansite framework can be compared to that of gismondine, 
Ca[Al2Si2O8]⋅4H2O and amicite, NaK[Al2Si2O8]ꞏ2.5H2O. In gismondine and amicite (GIS 
frameworks), the same network of four- and eight- fold rings as in cavansite is present. In 
gismondine, adjacent tetrahedral layers are linked directly to each other to form a three-
dimensional aluminosilicate network [14] and not via vanadyl-type VO5 square pyramids as 
in cavansite. In cavansite, direct connection of the (010) tetrahedral layers without the VO5 
group would produce a tetrahedral network topologically identical to that of gismondine. 
The behavior of cavansite and pentagonite upon heating appears to be zeolitic in 
character. [15-19]. More recently, in situ single-crystal X-ray dehydration experiments on 
cavansite and pentagonite were conducted to highlight the relationship between stepwise 
dehydration and framework distortion [20-21]. The presence of H2O molecules in the porous 
5 
 
framework is usually the promoter of structural modifications in response to the applied 
temperature. Moreover, the Ca coordination number coupled with the different flexibility of 
the frameworks seems to be responsible for either phase transitions or structural collapse in 
pentagonite and cavansite, respectively. The dehydration dynamics of cavansite were probed 
also by in situ synchrotron powder diffraction [22]. The knowledge of the pressure-induced 
structural modifications in cavansite is limited to a Raman spectroscopic study by Ravindran 
et al. [23]. Structural studies aiming to understand high-pressure behavior of pentagonite are 
missing. 
 
EXPERIMENTAL METHODS 
 
X-ray powder diffraction at ambient pressure 
Cavansite and pentagonite crystals from Wagholi, Poona district, Maharashtra, India 
were selected and each sample was finely ground in a mortar to obtain a powder. The powders 
were placed into 0.3 mm glass capillaries and mounted on a goniometric spinning head. The 
X-Ray Powder Diffraction (XRPD) experiments were performed at the SNBL (BM01A) 
beamline at ESRF (European Synchrotron Facility, Grenoble, France) with fixed wavelength 
of 0.682534 Å. All data were collected in the Debye-Scherrer geometry with a Dectris 
Pilatus2M detector. The sample-to-detector distance and the detector parameters were 
calibrated using a LaB6 NIST reference powder sample. One-dimensional diffraction pattern 
was extracted by integrating the two-dimensional image using the program FIT2D [24]. 
Rietveld profile fitting in the 2 - 45° 2θ range was executed using the GSAS package [25] 
with the EXPGUI interface [26]. Initial structural models for cavansite and pentagonite were 
those of Evans [13] but, for cavansite, the standard space-group setting Pnma was preferred to 
Pcmn reported by Evans [13], requiring interchange of a and c. The background was fitted by 
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a Chebyshew polynomial with 15 coefficients. The pseudo-Voight profile function [27] was 
used with refined Gaussian (GW) and Lorentzian (LX) terms and a cut-off was applied for the 
peak intensity. The scale factor and 2θ-zero shift were refined. Soft-restrains were applied to 
the T-O distances [Si-O = 1.58(3)-1.66(4)] and the weight was gradually decreased during the 
refinement up to a final value of F=10. Other soft-restrains were applied for the V-O [one 
short bond V-O = 1.59(1) and four V-O = 1.98(1)-2.00(1)]. The isotropic displacement 
parameters were constrained to a common value for the two tetrahedral sites. A second value 
was assumed for all framework oxygen-atoms, whereas the oxygen atoms at H2O sites were 
constrained to a third value. The unit-cell parameters were refined in all cycles. 
 
X-ray powder diffraction at high pressure 
The in situ high pressure X-ray powder-diffraction data were collected using an ETHZ 
modified Merril-Basset diamond anvil cell (DAC) [28] with flat culets of diameter 600 m. 
The samples were loaded into a hole of 250 m in diameter drilled in stainless steel gaskets 
pre-indented to 60-80 m thickness. In order to compare the compressibility behavior of 
cavansite and pentagonite, different experiments were performed using two different pressure-
transmitting media: methanol:ethanol:water 16:3:1 (m.e.w.) as nominally penetrating P-
transmitting medium, and silicone oil (s.o.), as non-penetrating P-transmitting fluid. Pressure 
was measured before and after the data collection at each pressure using the ruby fluorescence 
method [29] on the non-linear hydrostatic pressure scale [30]. 
Cavansite 
The pressure range investigated for the cavansite experiment in m.e.w. was from 0.01(5) 
to 8.17(5) GPa, whereas in s.o. from 0.01(5) to 7.28(5) GPa. Some patterns were collected in 
decompression down to room pressure (labeled (rev) in tables and figures). 
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In both the experiments, about 20 data points at different pressures were collected. 
Selected integrated patterns are reported in Figure 1a and 1b. For cavansite in m.e.w., the 
experiments up to 0.52(5) GPa allowed structural refinements to converge successfully, 
whereas at higher pressure only the unit-cell parameters were refined by the Rietveld method 
in the 2-23° 2θ range. The lattice parameters from 6.71(5) to 8.17(5) GPa in m.e.w. were 
determined through Le Bail full-profile fit [31]. The crystal-structure refinement of cavansite 
in s.o. was performed by the Rietveld method in the 2-32° 2θ range for all the data points up 
to 6.45(5) GPa. Differently from that usually reported, the structural refinement of cavansite 
in s.o. at high pressure was possible, in contrast to data collected in m.e.w. as pressure 
medium. The integration procedure and refinement strategy is comparable to those employed 
for data analysis at ambient pressure. The background was fitted by a Chebyshew polynomial 
with 21 coefficients. The pseudo-Voight profile function was used with refined Lorentzian 
(LX) term. The unit-cell parameters, scale factor and 2θ-zero shift were refined in all cycles. 
The strategy applied for the soft-restrains to the T-O, V-O and Ca-O distances was the same 
as that at ambient pressure conditions. 
Pentagonite 
The pressure ranges adopted in the experiments on pentagonite were from Pamb to 
8.26(5) GPa and Pamb to 8.35(5) GPa for m.e.w. and s.o., respectively. Selected integrated 
patterns are reported in Figure 2a and 2b. For pentagonite in m.e.w., the experiments up to 
2.45(5) GPa allow structural refinements to converge successfully, whereas at higher pressure 
only the unit-cell parameters were refined by the Le Bail method [31] in the 2-23° 2θ range. 
Even though both experiments evidenced the occurrence of PIH, we discuss here in detail 
only the single crystal data (see below), being of higher quality with respect to powder 
diffraction. The quality of data obtained from the pentagonite experiment in s.o. is very low, 
probably in response to the non-hydrostatic compression in this medium already at P> 1 GPa 
[10]. The lattice parameters from Pamb to 0.64(5) GPa in s.o. were refined by the Rietveld 
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method, whereas at higher pressure the cell dimensions were determined through the Le Bail 
method [31]. Nevertheless, the quality of the Le Bail fit was poor, due to peak broadening at 
high pressure. 
 
 
X-ray single-crystal diffraction on pentagonite 
One prismatic crystal of pentagonite, free of defects or twinning under the transmitting 
polarized light microscope, was selected for the high-pressure (HP) X-ray diffraction 
experiments. Diffraction data were first collected at room conditions, with the crystal in air, 
with an Oxford Diffraction - Xcalibur diffractometer equipped with CCD, using graphite 
monochromatized MoK-radiation, operated at 50 kV and 35 mA. The distance between the 
crystal and the detector was set to 80 mm, as used for the HP experiments. Integrated 
intensities were then corrected for Lorentz-polarization (Lp) and for absorption effects (by 
Gaussian integration based upon the shape and dimensions of the crystal), using the CrysAlis 
package [32]. After corrections, the discrepancy factor among symmetry-related reflections 
(Laue class mmm) was Rint = 0.0554 and reflection conditions were consistent with the space 
group Ccm21, [13]. The anisotropic structural refinement was then performed using the 
SHELX-97 software [33], starting from the structure model of Evans [13]. The refined Flack 
parameter [33] was 0 within 1(x). Neutral atomic scattering factors of Ca, Si, V and O were 
used, according to the International Tables for Crystallography [34]. Convergence was 
achieved after a few refinement cycles. At the end of the refinement, no peak larger than 
+1.0/-0.8 e-/Å3 was present in the final difference-Fourier synthesis and the variance-
covariance matrix showed no significant correlation between refined parameters. 
An ETH-type DAC [28] was used to perform the in situ high-pressure experiment. 250 
m thick T301 steel foil was used as gasket, which was pre-indented to a thickness of about 
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140(5) m before drilling a 300 m hole by spark-erosion. The crystal of pentagonite, already 
used for the experiment at room conditions, was placed into the gasket hole together with few 
ruby micro-spheres to measure P by the ruby-fluorescence method [30]. A 
methanol:ethanol:water = 16:3:1 mixture was used as hydrostatic pressure-transmitting 
medium [10]. Lattice parameters were measured at 0.0001 GPa (crystal in DAC without any 
pressure medium, P0), 0.36(5) (P1), 0.64(5) (P2), 1.51(5) (P3), 1.70(5) (P4), and 2.04(5) (P5) 
GPa with a KUMA-KM4 diffractometer, equipped with a point-detector and a 
monochromatised MoKα-radiation. Intensity data collections at 0.0001 GPa (crystal in DAC 
without any pressure medium, P0), 1.51(5) (P3), and 2.04(5) (P5) GPa were performed on an 
Xcalibur-CCD diffractometer adopting the same experimental set-up and data collection 
protocol used with the crystal in air, but increasing the exposure time per frame to 20 s. At 
any given pressure, integrated intensity data were corrected for Lp and absorption effects due 
to the crystal and the DAC using the ABSORB6.0 computer program [35]. No violation of 
reflection conditions compatible with space group Ccm21 was observed within the 
investigated P-range. At 2.5 GPa, a phase transition occurred, as shown by the aspect of the 
crystal observed with a polarizing microscope. Any attempt to index the diffraction data at P 
> 2.5 GPa was unsuccessful: the diffraction peaks showed significant broadening and did not 
allow to obtain reliable data. The optical inspection of the pressurized sample indicated 
inhomogeneities, the formation of domains, and optically-visible strains across the crystal. 
The P-induced crystal destruction was found to be irreversible.  
The HP-structure refinements, based on the intensity data collected at 0.0001, 1.51(5) and 
2.04(5) GPa, were conducted using soft geometrical restraints aimed to restrain Si-O and V-O 
distances to those obtained at room pressure (with the crystal in air), with an estimated 
standard deviation of ±0.01Å. This improved the stability of the HP-refinements, as soft 
restrains act as if they were additional experimental observations [33]. In order to reduce the 
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number of refined variables, isotropic displacement parameters were refined by grouping all 
of the Si-sites and all of the O-sites.  
 
RESULTS AND DISCUSSION 
 
Details pertaining to the data collections and structure refinements for powder and single-
crystal X-ray diffraction experiments are given in Table 1. The variation of the unit-cell 
parameters with P is reported in Tables 2 and 3. Hydrogen bond distances (Å) at different 
pressure conditions are in Table 4. Atomic coordinates and displacement parameters for the 
cavansite structure at Pamb, and in s.o. at 1.08(5), 3.27(5) and 6.45(5) GPa are given in Table 
S5 (supplementary materials). Selected interatomic distances (Å) and T-O-T angles (°) of 
cavansite at the various pressure points are listed in Table S6 (supplementary materials). 
Refined atomic positions and displacement parameters of pentagonite single-crystal in m.e.w. 
at the various pressure points are reported in Table S7 (supplementary materials). The 
corresponding bond distances and angles are listed in Table S8 (supplementary materials). 
 
Elastic behavior and structural changes upon compression of cavansite 
The evolution of the lattice parameters of cavansite with pressure is shown in Fig. 3. 
The elastic behavior is similar in the two media, thus we can exclude any PIH effect using the 
m.e.w. In order to describe the elastic behavior of this material, the unit-cell volume data for 
cavansite in m.e.w. and s.o. were fitted with different isothermal equations of state using the 
EOS-FIT6.0 program [36]. A second-order Birch-Murnaghan equation of state (BM-EoS) was 
adopted to describe the compressional behavior on the basis of the better standard deviation of 
the bulk modulus and a smaller |Pobs - Pcalc|max value. The BM-EoS parameters, refined using 
the data obtained in m.e.w. and weighted by the uncertainties in P and V, are: V0 = 1300(1) Å3 
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and K0 = 38.1(5) GPa. The calculation of bulk modulus in s.o. did not conform to a second-
order BM-EoS model necessary for direct comparison with m.e.w. data. The cavansite bulk 
modulus is intermediate between the lowest (about 20 GPa) and the highest (about 65 GPa) 
[8-9] values determined for zeolites compressed in non-penetrating pressure transmitting 
media. 
In both experiments, cavansite does not undergo complete amorphization and the original 
room pressure features are recovered upon decompression. No symmetry change is observed 
as a function of pressure. 
Selected powder patterns of cavansite compressed in m.e.w. and s.o., respectively, are 
reported in Figures 1a and 1b. When the sample is compressed in m.e.w. from Pamb to 8.17(5) 
GPa, a volume contraction of 14.3% is observed, while the unit-cell parameters a, b and c 
decrease by 2.8, 11.2 and 0.7%, respectively (Figure 3a). When the sample is compressed in 
s.o. from Pamb to 7.28(5) GPa, the volume contraction is 12.2%, while the unit cell parameters 
a, b and c decrease by 1.6, 10.3 and 0.3%, respectively (Figure 3b). The elastic behavior of 
cavansite is strongly anisotropic: the structure is almost uncompressible along [100] and 
[001], whereas it is highly compressible along [010]. Moreover, in m.e.w. a marked expansion 
of the a and c axes between 0.86(5) and 3.09(5) GPa is observed (Figure 3a). This effect is 
observed also in s.o. in the same pressure range but it is less pronounced. 
As above reported, only the dataset of cavansite compressed in s.o. allowed a successful 
structure refinement. We are aware that the quality of the high pressure data can be influenced 
by several factors. In particular, the integrated intensities can be affected by poor statistics of 
the diffraction data and preferred orientations. For these reasons the high-pressure powder 
diffraction data are sometimes not sufficient to obtain robust structural information. 
Nevertheless, our structural refinements performed by the Rietveld methods appear to be 
reasonable considering that the weight of the applied soft-restraints was gradually decreased. 
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Especially at high pressures, the Si-O distances and T-O-T angles (Table S6) are affected by 
rather high errors. 
The room pressure data collected in the capillary and in the DAC confirmed the 
framework structure built by tetrahedral layers connected by vanadyl-type VO5 square-based 
pyramids as reported by Evans [13] (Figure 5). The evaluation of the hydrogen-bond system 
is inferred by donor-acceptor (D…A) distances (Table 4) and is in agreement with the 
interactions described by Danisi et al. [20]. 
The structural evolution of cavansite at high pressure may be described in three main 
stages. At very low pressure (i.e.,  1.1 GPa), the tetrahedral framework shows significant 
distortion (Figure 5). In particular, the Si1-O4-Si2 angle decreases from 128.4(5)° at Pamb to 
117.2(15)° at 1.08 GPa, while Si1-O3-Si2 and Si1-O5-Si2 angles remain essentially 
unchanged (Table S6). The L/S ratio of the longest to the shortest cross sections of the eight-
membered rings varies from 1.74 at Pamb to 1.63 at 1.08(5) GPa (Table S6). Concerning the 
hydrogen-bond system, the D…A distance of the O8…O3 interaction decreases from 3.564(2) 
to 3.32(4) Å (Table 4 and Figure 5). Thus, the compression of the pore system leads to 
strengthening of the hydrogen bonds between the extraframework H2O molecules and the 
silicate sheet. 
At intermediate pressure (1.1 GPa  P  6 GPa), cavansite structure becomes strongly 
compressible along [010]. At the atomic scale, the O4-O4 distance between two tetrahedral 
layers decreases from 6.66 Å at Pamb to 5.61 Å at 3.27(4) GPa, leading to a severe 
compression of the porous system. Moreover, the L/S ratio of the longest to the shortest cross 
sections of the eight-membered rings varies from 1.74 at Pamb to 1.50 at 3.27 GPa (Table S6). 
Thus, the shape of the rings becomes more circular with increasing pressure. 
At higher pressure (i.e., > 6 GPa), the eight-membered rings in the a-c plane further reduce 
the L/S ratio to 1.25 and the b axis is further compressed. This leads to a O4-O4 distance 
between two adjacent tetrahedral layers of 4.96 Å. Moreover, the Si1-O5-Si2 angle decreases 
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from 126.9(4)° at Pamb to 110.1(21)° at 6.45(5) GPa, while Si1-O3-Si2 and Si1-O4-Si2 angles 
strongly increased (Table S6). At ambient pressure, vanadium is displaced 0.47 Å from the 
square basis towards the center of the vanadyl-type pyramid, while at > 6 GPa V4+ resides at 
the center of the square. The V-O distances remain uninfluenced with the increase of pressure. 
Thus, the O-O edge length of the square basis increases from 2.80 at Pamb to 3.03 Å 6.45(5) 
GPa to preserve the V-O distances. Interestingly, the pressure-induced deformation 
mechanism on the eight-membered rings described here is similar to that found in the K-
GaSi-GIS structure [37]. The framework structure seems to respond to the effect of pressure 
reducing the ellipticity of the channels. Therefore, the shape of the rings tends to become 
more circular and regular. In case of K-GaSi-GIS, the L/S ratio decreases below a value of 
1.60 near 1.60 GPa [37], while for cavansite the rounding effect of the ring is even more 
pronounced. 
 
Pressure-induced over-hydration in pentagonite 
As evident from Figure 4 and Table 3a, pentagonite in m.e.w. is almost incompressible. 
From the comparison between the volume evolutions in m.e.w. and s.o., it is clear that this 
behavior can be ascribed to the penetration of extra H2O molecules, from the P-transmitting 
fluid, through the zeolitic channels. The new H2O molecules made the channels more 
efficiently stuffed, and so less compressible. The pressure-induced over-hydration effect was 
observed first in the zeolite 4A [38] and in the natrolite family [39]. The authors observed a 
positive volume discontinuity suggesting the possible penetration of extra H2O molecules into 
the cavities. Zeolites can undergo pressure-induced over-hydration following different effects: 
PIH based on increasing occupancy of already existing H2O sites or PIH accompanied by the 
onset of new H2O sites [40-41]. 
In order to demonstrate the pressure-induced over-hydration in pentagonite by locating 
the additional H2O sites, the described in situ single-crystal X-ray experiment at high pressure 
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was performed. The normalized volume values obtained from powder and single-crystal 
diffraction data plotted against the pressure show similar compressional patterns (Figure 4). 
As already reported by Evans [13], the distance between the Ca site and the oxygen of the 
H2O molecule O9 is approximately 3.5 Å at room conditions. On this basis, the O9 molecule 
was not considered in the coordination environment of the Ca site but rather H-bonded to 
other H2O molecules or framework oxygen atoms [13]. The structure refinement of Evans 
[13] showed that the equivalent displacement parameter of the O9 site is about 3-4 times that 
of the other H2O molecules and more than 10 times those of the framework oxygen atoms. 
Our structure refinements at room conditions (with the crystal in air or in the DAC) confirm 
the previous experimental findings. At 1.51 GPa, a new H2O molecule site was localized, 
leading to 5 H2O molecules per formula unit. The Ca coordination changes from seven- to 
eight-fold (Table S8). The new H2O molecule (labelled as O10) leads to a rearrangement of 
the extraframework population, without significant distortion effects on the framework 
(Figure 6). In particular, O9 moves away from Ca. The Ca-O9 distance increases from 3.55 Å 
at Pamb to 4.62 Å at 2.04 GPa. On the contrary, the distance between the O8-O9 sites 
decreases from 2.94 Å at Pamb to 2.48 Å at 2.04 GPa. The O9 and O10 sites are rather close to 
each other at 2.04 GPa (nominally 2.1 Å), and are both affected by high displacement 
parameters (Table S7c). A careful inspection of the difference-Fourier map of the electron 
density shows evidence of positional disorder around the O9 site, which reflects its high 
displacement factor. The refined O9-O10 distance is drastically affected by the positional 
disorder of O9. The O9-O10 distance obtained by the structure refinement was then corrected 
for “non-correlation motion” following the protocol of Busing and Levy [42]. The corrected 
distance is 2.30 Å. In addition, the estimated “upper bound”, following Busing and Levy [42], 
is 2.45 Å. We can then reasonably consider that the actual distance between the O9 and O10 
molecules ranges between 2.3 and 2.5 A, ascribable to an H-bond interaction in a compressed 
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configuration. Above 2.5 GPa, it was not possible to collect single-crystal data because of the 
high mosaicity of the crystal in response to a P-induced phase transition. 
 
Structural changes upon compression of pentagonite 
In Figures 2a and 2b, selected powder patterns of pentagonite compressed in m.e.w. and 
s.o. are reported, respectively. The onset of new peaks (indicated with red boxes) in m.e.w. 
suggested a P-induced symmetry change. The Le Bail fit of the powder-pattern profile 
indicates a phase transition from an orthorhombic to a triclinic cell (Table 3a). The 
orthorhombic to triclinic phase transition occurs between 2.45(5) and 2.96(5) GPa and is 
reversible (Table 3a). In Figure 7a, the phase transition is characterized by 1.4% shortening of 
the b axis (interlayer separation) and increase of a and c by 0.86 and 0.74 %, respectively, 
coupled with a significant distortion of the unit cell (Table 3a). As we could not refine the 
triclinic structure, the observed cell modifications could not be structurally interpreted. 
During the s.o. experiment (Table 3b and Figure S8), at 1.71(5) GPa, the diffraction 
pattern changed significantly. In particular, the reflection initially indexed as 040 splits, 
suggesting also in this case a P-induced transformation to a triclinic phase. 
As already observed for cavansite under high-pressure, the main structural deformation of 
pentagonite in both media occurs along b. Nevertheless, in pentagonite, the b axis did not 
undergo a drastic change comparable to that of cavansite. Specifically, in m.e.w., pentagonite 
b axis decreased only by 3.6% (Figure 7) compared to 11.2% in cavansite m.e.w. The overall 
compressibility of pentagonite in s.o., characterized by a volume contraction of 11.6%, is 
comparable to that of cavansite in s.o. with volume decrease by 12.2%. 
The evolution of the volume compressibility of pentagonite in s.o. was described using a 
second order BM-EoS. To take into account the occurrence of the phase transition, data were 
divided into two data sets above and below 2.0 GPa, respectively. In s.o. the bulk-modulus is 
K0 = 38(3) GPa and K0 = 49(2), below and above the phase-transition pressure, respectively. 
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This indicates a decreased compressibility above 2.0 GPa. The bulk modulus of pentagonite 
compressed in s.o. below the phase transition is comparable to that of cavansite (K0 = 38.1(5) 
GPa). 
In pentagonite compressed in m.e.w., a pressure-induced phase transition to a triclinic 
phase is observed at about 2.5 GPa in both single-crystal and powder diffraction experiments 
in m.e.w. Thus, the total surface area (powder vs. single-crystal) seems not to be a crucial 
factor to promote pressure-induced modifications in this microporous material. Otherwise, the 
nature of the pressure-transmitting medium appears to influence the onset of the phase 
transition and also the degree of triclinic distortion in powder experiments. In fact, the 
penetration of extra H2O molecules, from the P-transmitting fluid, defers the occurrence of 
the pressure-induced phase transition compared to non-penetrating media. 
 
CONCLUDING REMARKS 
Unexpectedly, only pentagonite, but not cavansite, compressed in m.e.w. showed PIH. In 
this different response to pressure, the role of the Ca-coordination could be crucial. In 
cavansite, Ca is eight-fold coordinated while in pentagonite it is only seven-fold. This makes 
pentagonite more suitable to accept an additional H2O molecule. The polymorphic structures 
of cavansite and pentagonite belong formally to the same group of “phyllosilicates” and are 
thus strongly related. At room conditions, the density of cavansite (V = 1288.9 Å3) is slightly 
higher than the one of pentagonite (V = 1309.5 Å3). Under ambient conditions, the 
“tetrahedral sheet” composed of six-membered rings in pentagonite is more densely packed (a 
. c = 93.1 Å2), than the one in cavansite (a . c = 94.3 Å2) composed of four- and eight-
membered rings. However, the interlayer separation in pentagonite (b/2 = 7.034 Å) is 
significantly wider than in cavansite (b/2 = 6.683 Å), which is responsible for the difference 
in density. All H2O molecules in pentagonite and cavansite occupy the interlayer space. In 
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this light, one could argue that pentagonite is more favorable accepting an additional H2O 
molecule under high-pressure conditions (PIH). 
At 2.04 GPa in the overhydrated phase (m.e.w. pressure medium), the tetrahedral sheet of 
pentagonite preserves essentially the same extension of 93.0 Å2, with an interlayer separation 
of b/2 = 7.00 Å. Compression of pentagonite in s.o. (no PIH) at a comparable pressure (2.15 
GPa) maintains the “interlayer distance” to b/2 = 7.00 Å but reduces the expansion of the 
tetrahedral sheet to 90.0 Å2. The different anisotropic compression in pentagonite when 
compressed in m.e.w. or s.o. may be explained by the formation of a “puckered sheet” of 
tetrahedra in s.o. whereas in m.e.w. the sheet remains stretched (also confirmed by the single-
crystal structure refinement in m.e.w.). Probably the space filling due to penetration of the 
additional H2O molecule in m.e.w. hinders the formation of a puckered sheet. 
The effect on the material elastic response of the unusual presence of vanadyl-type 
square based pyramids in the framework has no record in the literature. To highlight the role 
of VO5 on framework distortion and contraction, we compare the response to compression of 
the zeolite gismondine to that of cavansite. In response to a pressure of 7.4(5) GPa, the cell 
volume decrease of gismondine in s.o. [43] is approximately 8% with shortening a of the a 
and c parameters (perpendicular to the 8- and 4-rings layers corresponding to the cavansite 
tetrahedral sheets) by 4 and 3%, respectively. Cavansite in s.o. shows a volume contraction by 
12.2%, accompanied with a decrease by 10% of b parameter, perpendicular to the tetrahedral 
sheets. The fact that cavansite is more compressible than gismondine is related to the presence 
of VO5 pyramids connecting the tetrahedral layers along [010]. The V-O-T angles (Table S6) 
increase from Pamb to 6.45(5) GPa in order to accommodate the effect of the pressure on the 
framework. Moreover, the T-O-T angles in cavansite mutually distort in an opposite sense 
(antirotate, [44]) while the V-O-T angles vary in the same sense (corotate, [44]) when the 
volume decreases (Table S6). The same behavior is observed in cavansite under high-
18 
 
temperature conditions [20], indicating a common deformation mechanism of the framework 
upon dehydration and high-pressure conditions. 
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FIGURE CAPTIONS 
Figure 1a: Selected integrated powder patterns with background subtracted of cavansite in m.e.w. 
Figure 1b: Selected integrated powder patterns with background subtracted of cavansite in s.o. 
Figure 2a: Selected integrated powder patterns with background subtracted of pentagonite in m.e.w. 
The red boxes highlight changes in the diffraction pattern. 
Figure 2b: Selected integrated powder patterns with background subtracted of pentagonite in s.o. The 
red boxes highlight changes in the diffraction pattern. 
Figure 3: Variation of cavansite lattice parameters vs. pressure: a) compressed in m.e.w. and b) in s.o. 
The size of the symbols is larger than the associated e.s.d. values. 
Figure 4: Evolution of the normalized unit-cell volume (V/V0) of pentagonite with P,  in m.e.w. 
(powder and single-crystal data) and s.o. (powder data). 
Figure 5: Framework of cavansite at Pamb and high-pressure conditions. On the left: projection along 
a. On the right: projection along b. The green polyhedra represent Si tetrahedra, while the yellow 
polyhedra are the VO5 square-based pyramids. Calcium is in blue and oxygen atoms at H2O sites are 
shown as light blue spheres. Hydrogen-bond acceptor interactions are shown by gray dashed 
connectors. The black arrows (upper left drawing) indicate the direction to the acceptor. The H2O 
molecules O7, O8, and O9 are labeled. 
Figure 6: Framework of pentagonite at Pamb and 2.04(5) GPa. On the left: projection along c. On the 
right: projection along b. The green polyhedra represent Si tetrahedra, while the yellow polyhedra are 
the VO5 square-based pyramids. Calcium is in blue and oxygen atoms at H2O sites are shown as light 
blue spheres. The H2O molecule O9 is shown in red, while the new H2O molecule O10 is in violet and 
indicated by an arrow. 
Figure 7: a) Variation of pentagonite lattice parameters vs. pressure compressed in m.e.w. b) 
Variation of pentagonite cell volume vs. pressure compressed in m.e.w. The size of the symbols is 
larger than the associated e.s.d. values. The red line indicates the phase transition orthorhombic to 
triclinic between 2.45(5) and 2.96(5) GPa. 
 
 
